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This review explains symptoms and nature ofneuropeptide signaling and its importance for clinical symp
toms ofCRPS. Neurogenic inflammation regularly accompanies excitation ofprimary afferent nociceptors. 
It has two major components-plasma extravasationand vasodilatation. The most important mediators are 
the calcitonin gene-related peptide (CGRP) and substance P(SP). After peripheral trauma immune reaction 
(e.g. cytokines) and the attempts of the tissue to regenerate (e.g. growth factors) sensitize nociceptors and 
amplify neurogenic inflammation. This cascade of events has been demonstrated in rat models of CRPS. 
Clinical findings in these animals strongly resemble clinical findings in CRPS, and can be prevented by anti
cytokine and anti-neuropeptide treatment. In CRPS patients, there is meanwhile also plenty of evidence 
that neurogenic inflammation contributes to clinical presentation. Increased cytokine production was 
demonstrated, as well as facilitated neurogenic inflammation. Very recently even "non-inflammatory" 
signs of CRPS (hyperhidrosis, cold skin) have been linked to neuropeptide signaling. Surprisingly, there 
was even moderately increased neurogenic inflammation in unaffected body regions. This favors the pos
sibility that CRPS patients share genetic similarities. The future search for genetic commonalities will help 
us to further unravel the "mystery" CRPS. 

© 2008 Elsevier Ireland Ltd. All rights reserved. 

About 100 years ago Bayliss described antidromic vasodilation 
following electrical stimulation of centrally cut dorsal roots [4]. 
Meanwhile it has become clear that action potentials from acti 
vated nociceptors invade end branches of primary afferent neurons 
by retrograde conduction ("axon reflex") and release neuropeptides 
from their terminals [62]. The acute effects of primary afferent 
fiber i.nduced neuropeptide release are vasodilation and pro
tein extravasation, which has been therefore termed "neurogenic 
inflammation". Pivotal neuropeptides in the induction of neuro
genic inflammation are calcitonin gene-related peptide (CGRP) 
for vasodilation and substance P (SP) for the induction of pro
tein extravasation-at least in rodents [27]. As a result of previous 
studies, mechano-insensitive, but heat- and chemo-sensitive C
nociceptors have been found to be responsible for the neurogenic 
vasodilation in pig [38] and human skin [57] whereas in rodent skin 
polymodal nociceptors playa crucial role [16]. 

A few approaches so far have tried to directly measure neu
ropeptide release in the skin following afferent fiber excitation, e.g. 
ex vivo analysis by superfusion of excised rat skin [30,34J. In most 
studies neurogenic vasodilation and protein extravasation have 
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been used to functionally assess nociceptor activation [15]. Vasodi
lation has been measured by laser Doppler techniques and infrared 
thermography. Assessment of protein extravasation requires more 
invasive techniques. Recent advances in dermal microdialysis have 
opened new possibilities by allowing in vivo measurement oflocal 
mediator concentrations, including protein extravasation [52J. 

In addition to the classical clinical features of neurogenic inflam
mation, neuropeptides may also be involved in more complex 
regulations of tissue perfusion and pain after trauma. Only recently 
the importance of endothelin-l (ET-l), a potent vasoconstrictive 
neuropeptide, has been explored for posttraumatic pain. ET-l, 
mainly secreted from inflammatory cells and keratinocytes, con
tributes to primary and secondary hyperalgesia, I.e. it sensitizes 
primary afferent neurons in the periphery and second order neu
rons in the spinal cord [43]. Furthermore, neuropeptides directly 
interact with inflammatory cells. Primary afferent nociceptors 
release a variety of neuropeptides like neurokinin A, neurokinin 
B, somatostatin, corticotropin-releasing hormone (CRH), pitu
itary adenylate cyclase-activating polypeptide (PACAP), vasoactive 
inhibitory peptide (VIP), galanin, somatostatin and endomorphins 
[60]. As an example, nerve growth factor (NGF) derived from ker
atinocytes and mast cells sensitizes nociceptors and also increases 
expression of mast cell tryptase and histamine [20] in mast cells. 
Histamine and tryptase activate nociceptive terminals via Hl and 
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proteinase-activated receptors (PAR2) and release SP from the ter
minals [61]. SP via activation of NK1 receptors on the mast cells 
[65] increases expression of histamine and tumor necrosis factor 
alpha (TNF) [2,13], which in turn sensitizes nociceptive terminals 
via activation of the TNF receptor. 

In the past animal models have been used to study the nature 
of neuropathic pain. Most studies focused on mechanisms and 
symptoms of pain but did not assess symptoms which characterize 
neurogenic inflammation. Nevertheless, these pain models indi
cate that cytokines (TNF-alpha, and NGF) were upregulated in the 
injured nerve [26,53] and that neutralizingTNF-alpha reduces pain 
behavior [59]. In the meanwhile these shortcomings were elimi
nated and preclinical models for CRPS have been established. 

Most cases of CRPS I develop after bone fractures, e.g. to the 
wrist or ankle. Therefore, the most interesting animal model may 
be a controlled fracture of a large extremity bone. This model 
of course cannot account for all CRPS symptoms, in particular 
the CNS-derived signs [42], but it helps to explain the peculiar 
peripheral changes. In that way skin temperature increase, edema, 
plasma protein extravasation, osteoporosis and hyperalgesia-like 
behavior for weeks has been observed [21]. As indicated above, 
these are signs of neurogenic inflammation, which can also be 
found in acute CRPS after bone fracture. These signs were even 
pronounced if the limbs of the rats were immobilized-'-as it is 
common treatment in many human fractures. Supporting the 
neurogenic inflammation hypothesis of these symptoms, skin 
temperature difference, edema and pain behavior can be reversed 
by NK1-antagonism [31 J and glucocorticoid administration [22]. 
Very recently the contribution of posttraumatically released NGF 
[51] and TNF-alpha [SOl for pain and hyperalgesia in this CRPS I 
model have been established. As indicated above, both NGF and 
TNF amplify neurogenic inflammation by amplifying neuronal and 
non-neuronal neuropeptide production. 

The sciatic nerve transection model was introduced as a surro
gate for CRPS II. Soon aftertransection of the sciatic nerve, similarto 
the fracture model, rats develop increased skin temperature, paw 
edema, regional osteoporosis and hyperalgesia-like behavior. Thus, 
symptoms after nerve transection also resemble acute CRPS. In this 
model, different treatments were tested. Steroids were also able to 
reverse inflammatory symptoms [321, and as described in the bone 
fracture model, NK1 antagonism was also effective [31]. 

Without a detailed neurological investigation CRPS I and CRPS 
II cannot be distinguished. CRPS 11 can be diagnosed when there 
is obvious evidence of peripheral nerve lesion-clinically (sensory 
loss, muscle weakness, reflex loss) or neurophysiologically (nerve 
conduction, electromyography) [24]. However, these peripheral 
nerve lesions must involve either major nerves or skin nerves to 
be clinically recognized. Nerve lacerations (from broken bones) 
or stretches (from joint distraction) are usually unrecognizable. 
Injuries to small distal nerve branches may thus go undetected 
in most clinical settings [46,47]. Thus, we will not continue the 
traditional but often virtual differentiation between CRPS I and II 
in this review. 

Pain and hyperalgesia are the most distressing symptoms. Since 
the initial trauma for CRPS does usually not include a complete 
nerve lesion, there are no serious reasons to doubt that pain and 
hyperalgesia result, at least partially, from activation or sensitiza
tion of peripheral nociceptors. If these nociceptors are sensitized, 
they might be spontaneously active causing pain at rest [49], or 
they respond more vigorously to physiological stimuli causing 
pain, e.g. while moving a joint [54]. Nociceptor sensitization fur
thermore drives spinal sensitization, which reinforces mechanical 
hyperalgesia. Since neurogenic inflammation, e.g. the release of 
neuropeptides from nociceptors, is inevitably linked to nocicep
tor activation (even subthreshold for pain might be enough [39]), 
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Fig. 1. QST profile of 40 cold type eRPS patients is shown. The affected side is dis
played as blue circles, the unaffected side as open squares. Sensory profile points to 
loss of sensation on the affected side (negative scores). However, gain of function 
(hyperalgesia) was found for blunt pressure (red circle). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of 
the article.) 

we regard pain and hyperalgesia as the first clinical symptom of 
neurogenic inflammation in CRPS. Quantitative sensory testing fur
thermore revealed that on CRPS affected skin there is a moderate 
decrease (about 4 GC) of heat pain thresholds [631. Heat pain sensiti
zation ofskin nociceptors is regarded as a clinical sign for peripheral 
sensitization [3]. Even more obvious was the decrease of mechan
ical pain thresholds on the affected side. We investigated CRPS 
patients and found presence of hyperalgesia to brief mechanical 
impact stimuli (e.g. pinprick hyperalgesia) in patients characterized 
by inflammatory signs [58 Jand hyperalgesia to blunt pressure, even 
when inflammatory signs were less obvious (see Fig. 1). 

In about 80% of posttraumatic CRPS cases, skin temperature is 
increased during the first 6 months of the disease. The maximum 
skin temperature difference might be up to 10 °C [7]. Accordingly, 
skin color in this stage is reddish and the skin appears hyperemic. 
With disease chronification, skin temperature decreases on the 
affected side, the skin becomes bluish and appears thin and shiny 
(Fig. 2) [51. In about 20% of posttraumatic CRPS cases, skin tempera
ture is cold and color bluish right from the beginning [661. Since cold 
skin might also result from neuropeptide release (e.g. endothelin, 
see above and below) both warm and cold CRPS extremities might 
be the result of exaggerated posttraumatic inflammation. 

In 50% of the patients with CRPS increased sweating can be clin
ically observed [10].ln acute CRPS, hyperhidrosis has been located 
to the peripheral nervous system [1 OJ. From recent experiments we 
now know, that CGRP, which seems responsible for increased skin 
temperature and perfusion in CRPS, enhances sweat gland activ
ity in physiological concentrations [56]. The mechanism might be 
a leftward shift of the dose-response function of nicotinic acetyl
choline receptors by CGRP and in particular its fragments [14,17,45]. 

Edema is the most striking clinical sign in CRPS. During acute 
stages almost all patients have visible edema on the affected limb 
[8]. The edema is pronounced at backs of hands or feet. After 
exercise or during the course of a day, when repeated nocicep
tor activation has occurred, edema increases. Only if CRPS persists 
longer and becomes chronic, edema dwindles [6]. 
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Fig.2. Thermographic recordings ofskin temperature differences between affected 
and unaffected sides in CRPS patients. The longer CRPS duration is the more preva
lent are colder extremities. 

Trophic changes can be found in more than 50% of patients. 
Increased hair- and nail growth appears several days after the onset 
of symptoms [8]. The well-known periarticular patchy osteoporo
sis, which can bee seen on X-ray pictures, belongs to the same group 
of symptoms [41]. This osteoporosis is a so-called high-turnover 
osteoporosis with increased osteoclastic activity [37]. Interestingly, 
TN F-alpha and SP [18] activate osteoclasts, and CGRP promotes hair 
growth [23,23]. 

Inflammation in the classical sense with positive blood markers 
has not been proven, but any inflammation has a "neurogenic com
ponent" [121. As indicated above, peripheral trauma, in particular if 
it is accompanied by partial peripheral nerve lesion, causes a rapid 
release of NGF and cytokines. Both are able to activate and sen
sitize primary afferents, locally at the injury site or proximally in 
the respective nerve trunk. Accordingly, increased levels of proin
flammatory cytokines have been shown in CRPS skin by analysis of 
suction blister fluids [25,29,44] and in CRPS spinal fluid [1]. Our own 
group concentrated on cytokines in blood samples. We have been 
able to demonstrate increased TNF-alpha in plasma samples of two 
different independent CRPS patients groups [40]. Increase ofTNF
alpha in that study was correlated to mechanical hyperalgesia. In a 
very recent more extensive study we confirmed these findings-not 
only on protein but also RNA level in CRPS blood samples [64]. 
Different proinflammatory cytokines were upregulated while anti
inflammatory cytokines were downregulated in the patients. 

Cytokines also increase the neuropeptide content of primary 
afferent neurons [48]. Activation of sensitized primary afferents 
then causes an increased release ofneuropeptides into the affected 
body region. Chronic release of neuropeptides might be respon
sible for the above-mentioned CRPS symptoms. In serum samples 
from patients with acute CRPS, CGRP [9], SP [55] and bradykinin [11] 
were found to be significantly increased, in particular when clinical 
inflammatory signs were present. Subsequent to these exploratory 
investigations, neurogenic inflammation was elicited directly in 
the skin by transcutaneous electrical stimulation via intradermal 
microdialysis capillaries by our group. We first investigated the 
flare by Laser-Doppler scanning on the affected and on the unaf
fected side in our CRPS patients. Neurogenic flare was significantly 
more intense in patients-on both the affected and the clinically 
unaffected side [36]. Another characteristic of neurogenic inflam
mation in rodents is SP-mediated plasma protein extravasation 
(PPE). In healthy humans, C-fibers usually contain too little SP to 
induce PPE. In CRPS, however, significant PPE could be shown in 

almost all patients investigated. In contrast to the flare response, 
this increased PPE was limited to the affected side [68J. These 
results suggested two possible pathomechanisms leading to facili
tated neurogenic inflammation in CRPS-either increased release or 
hampered inactivation ofneuropeptides, or both. In order to further 
unravel these mechanisms, we perfused SP in ascending concen
trations through dermal microdialysis fibers in CRPS patients and 
controls. We found SP significantly more effective at inducing PPE in 
CRPS patients. Similarto the increased flare response, this increased 
responsiveness to SP was present on both the affected and unaf
fected limbs [35]. 

As already mentioned above not only classical signs of inflam
mation but also "cold" CRPS might be related to increased 
neuropeptide signaling. In suction blister fluids from cold regu
lation type CRPS patients [67] the vasoconstrictive neuropeptide 
endothelin-1 was found to be significantly increased as compared 
to control subjects [19]. 

To summarize, all these experiments indicate a trauma-related 
up-regulation ofneuropeptides on the affected side and in addition 
an impaired inactivation of neuropeptides on both sides, possibly 
as a predisposing factor. Neuropeptide action in human tissue is ter
minated by degradation by peptidases. The most familiar peptidase, 
which cleaves SP and CGRP is the angiotensin converting enzyme 
(ACE). However, in a linkage study in CRPS families we failed to 
show co-segregation of an insertion/deletion (I/O) polymorphism 
in intron 16 and CRPS phenotype [28]. Therefore we will have 
to focus on other enzymes, which are involved in neuropeptides 
degradation. One example might be the neutral endopeptidase 
(NEP). Blocking the NEP, facilitates neurogenic inflammation in 
human skin a way, which resembles the findings in CRPS patients 
on the unaffected side [33J. 
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